The conserved region 3 (CR3) of the E7 protein of human papillomaviruses contains two CXXC motifs involved in zinc binding and in the homodimerization of the molecule. Studies have suggested that the intact CXXC motifs in the CR3 of HPV16 and HPV18 E7 are required for the in vitro transforming activity of these proteins. CR3 also contains a low anity pRb binding site and is involved in the disruption of the E2F/Rb1 complex. E7 is structurally and functionally related to Adenovirus E1A protein, which also has two CXXC motifs in CR3. However, the Ad E1A transforming activity appears to be independent of the presence of such domains. In fact, this viral protein exists in vivo as two dierent forms of 289 and 243 amino acids. The shorter Ad E1A form (Ad E1A243), where both CXXC motifs are deleted by internal splicing, retains its in vitro transforming activity. We have investigated if the HPV16 E7 CR3 can be functionally replaced by the Ad E1A243 CR3, which lacks both CXXC motifs. A chimeric protein (E7/E1A243) containing the CR1 and CR2 of HPV16 E7 fused to the CR3 of Ad E1A 243 was constructed. The E7/E1A243 while not able to homodimerize in the S. cerevisiae two-hybrid system retains several of the properties of the parental proteins, HPV16 E7 and Ad E1A. It associates with the`pocket' proteins, induces growth in soft agar of NIH3T3 cells and immortalizes rat embryo ®broblasts. These data suggest that the CXXC motifs in CR3 of E7 do not play a direct role in the transforming properties of this viral protein but probably are important for maintaining the correct protein con®guration.
In the last two decades the association of certain types of human papillomavirus (HPV) with cervical cancer, e.g. HPV type 16 and 18 has been clearly demonstrated (zur Hausen, 1991) . Several lines of evidence suggest that the products of two early genes, E6 and E7, play a key role in the induction of malignant transformation of the host cells. For instance, HPV DNA has been found to be integrated into the genome of the malignant cells in most of the cases (Choo et al., 1987; Cullen et al., 1991) . This viral DNA integration results in the disruption of various viral genes with consistent preservation of only the early E6 and E7 genes, which are actively transcribed (Schwarz et al., 1985) . The E7 proteins of the`high risk' HPV16 and 18 genotypes are able to induce focus formation and growth in soft agar in a variety of established rodent ®broblast lines, e.g. NIH3T3 and Y31 cells (for review see Mansur and Androphy, 1993) . They also cooperate with the activated ras gene product to transform primary rodent cells and with E6 to immortalize primary human keratinocytes, the natural host of the virus (Mansur and Androphy, 1993) .
E7 is structurally and functionally related to other viral oncoproteins, such as the Adenovirus E1A (Ad E1A) and the SV40 large T antigen (Tag) Phelps et al., 1988; Vousden and Jat, 1989) . These viral oncoproteins exert their transforming activity by interacting with and altering the function of a number of cellular proteins. The Ad E1A and HPV E7 associate with the so called`pocket' proteins, pRb, p107 and p130 (Whyte et al., 1988 (Whyte et al., , 1989 Dyson et al., 1989; Davies et al., 1993; Hu et al., 1995) , which are involved in controlling the activity of several transcription factors, including proteins of the E2F family (Kouzarides, 1995) . The pRb/E7 interaction results in the inactivation of the regulatory function of thè pocket' protein with consequent constitutive activation of the transcription factors (reviewed in Tommasino and Crawford, 1995) .
On the basis of its homology with Ad E1A, HPV16 E7 protein can be divided into three domains: conserved region 1 (CR1), conserved region 2 (CR2) and conserved region 3 (CR3). The disruption of the E2F/pRb by Ad E1A protein is mediated by two independent pRb binding domains, the low and high anity binding sites, which are located in the CR1 and CR2 of Ad E1A, respectively (Fattaey et al., 1993; Ikeda and Nevins, 1993) . In HPV16 E7, while the high anity`pocket' protein binding site is located in CR2 as in Ad E1A, the low anity site is present in the CR3 (Patrick et al., 1994) . In agreement with this, independent studies have shown that the HPV16 E7 CR3, together with CR1 and CR2, is required for the disruption of E2F/pRb complex (Huang et al., 1993; Wu et al., 1993) . Another feature of the HPV16 E7 CR3 is the presence of two cys-x-x-cys motifs (CXXC) which are involved in the binding of a zinc molecule (Barbosa et al., 1989) . Studies on E7 proteins of HPV type 16 and 18 have indicated that the binding of zinc through the CXXC motifs mediates the dimerization of the viral protein (McIntyre et al., 1993; Clemens et al., 1995; Zwerschke et al., 1996) . Point mutations in one of the two CXXC motifs of E7 severely impair its ability to homodimerize and to co-operate with ras in the transformation of rat embryo ®broblasts (McIntyre et al., 1993) . Thus, homodimerization appears to be required for the biological activity of the E7 protein.
Although Ad E1A CR3 also contains two CXXC motifs in the CR3, its transforming activity is independent of the presence of such domains. In fact, Ad E1A protein can exist in vivo as two dierent forms of 289 or 243 amino acids. The shorter form of Ad E1A protein (Ad E1A243), where both CXXC motifs have been deleted by internal splicing, retains its in vitro transforming activity. To investigate if the E7 in vitro transforming activity can also be independent of the presence of the two CXXC motifs, we have constructed a chimeric protein containing the CR1 and CR2 of HPV16 E7 fused to the CR3 of Ad E1A 243.
As shown in Figure 1 , the junction between the two viral proteins, HPV16 E7 and Ad E1A243, is immediately after the HPV16 E7 CR2. The chimeric gene (E7/E1A243) was generated by overlapping PCR (see legend Figure 1 ), cloned into a retroviral vector (pMXSV neo-18) and sequenced. Retroviral construct expressing E7/E1A243 gene was calcium transfected into an ecotropic producer cell line (GPE) and selected in G418 for 3 weeks. The progeny virus was then used to infect NIH3T3 cells in the presence of polybrene (8 mg/ml). Cells were grown in G418 and after 4 weeks single colonies were isolated. In order to check if the expression of the E7/E1A243 gene leads to the synthesis of a stable protein, we have determined the level of the chimeric protein in the total cell extracts by direct immunoblotting. The M73 monoclonal antibody that recognizes the C-terminal regions of Ad E1A was used (see Figure 1) (Harlow et al., 1985) . A protein band of the expected molecular weight was detected in the extract of E7/E1A243 synthesizing cells, but not in the extract of uninfected NIH3T3 cells (Figure 2a) . Although the chimeric protein was easily detected in the cellular extract, it was still essential to demonstrate whether the E7/E1A243 protein retains the ability to localize in the same sub-cellular compartments of the parental proteins. Therefore, we analysed the cellular localization of E7/E1A protein by immuno¯uorescence. As is shown in Figure 2b , a nuclear staining was observed only with the M73 antibody, while a monoclonal antibody reacting with an epitope in HPV16 E7 CR3 (see also Figure 1 ) did not give any speci®c staining. Next we checked if the E7/E1A243 Figure 1 Schematic representation of the chimeric protein E7/E1A243 construction. The E7/E1A243 gene was constructed by overlapping PCR. The N-terminal domain of HPV16 E7 and the C-terminal domain of E1A243 were separately ampli®ed by PCR using the following oligos as indicated in the ®gure: (a) GAATTCATGCATGGAGATACACCT, (b) TTCAGACACAG-GACCCTCTTCATCCTCCTCCTCTGA, (c) TCAGAGGAGGAGGATGAAGAGGGTCCTGTGTCTGAA (d) AAGCTTT-TATGGCCTGGGGCGTTT. The two ampli®ed fragments were subsequently mixed and a second PCR reaction was performed using oligos (a) and (d). EcoRI and HindIII sites were added upstream and downstream the ORF, respectively. The ampli®ed chimeric gene was cloned into the retroviral vector pMXSV neo-18, and the nucleotide sequence was veri®ed by dideoxy chaintermination methods. Boxed regions indicate the Ad E1A and HPV16 E7 conserved regions 1, 2, 3 (CR1, 2 and 3). The length of the proteins in amino acid, the position of the fusion between Ad E1A and HPV16 E7 (underlined numbers) are also indicated. The black bars indicate the position of the epitopes recognized by the speci®c monoclonal antibodies for HPV16 E7 (6D) and Ad E1A (M73) Figure 4 ). The two CXXC motifs of E7 CR3 mediate the homodimerization of the viral protein, most likely through the binding of a molecule of zinc. HPV16 E7 CR3 was able to dimerize in the yeast`two hybrid system', but only when both of the CXXC motifs were left intact (Clemens et al., 1995; Zwerschke et al., 1996) . In an independent study, McIntyre et al. (1993) showed that substitution of one of the cysteines in the CXXC motifs abolishes the ability of HPV18 E7 to homodimerize and severely impairs the E7 in vitro transforming activity. Since E7/E1A243 retains the transforming properties of E7 in rodent cells, it was important to determine if the chimeric protein is also able to homodimerize. For this scope, we utilized thè two hybrid' method in Saccharomyces cerevisiae which has been previously used to demonstrate E7/E7 dimerization (Clemens et al., 1995; Zwerschke et al., 1996) . The HPV16 E7 and E7/E1A243 genes were Figure  5a ). In this assay, activation of the b-Galactosidase reporter gene is strictly dependent on the level of interaction between the two fusion proteins. As shown in Figure 5b the E7/E1A243 protein did not homodimerize although it was able to interact with the`pocket' protein p107. The low level of bGalactosidase activity, which was detected in cell expressing the HPV16 E7 protein or the E7/E1A243 protein fused to the DNA binding domain of the Gal4 (see Figure 5b) , is due to the intrinsic transcriptional activation properties of the HPV16 E7 N-terminus (CR1 and CR2) (Zwerschke et al., 1996) . The present study demonstrates that the CR3 of Ad E1A is able to functionally replace the CR3 of HPV16 E7 protein. In fact, the E7/E1A243 retains the several biological properties of Ad E1A and HPV16 E7, e.g. cellular localization and the transforming activity in rodent cells. Most interestingly, the chimeric protein has lost the ability to homodimerize. Thus, the CXXC motifs in E7 protein, through the binding of zinc, are most likely required to maintain the correct folding of the viral protein, rather than playing a direct role via homodimerization in the E7-induced transforming processes.
It has been shown that the dissociation of E2F/ pocket' protein complexes by Ad E1A and HPV16 E7 requires two independent pRb binding sites with low and high anity (Fattaey et al., 1993; Ikeda and Nevin, 1993; Huang et al., 1993; Wu et al., 1993; Patrick et al., 1994) . The low anity sites are located in dierent regions in Ad E1A and HPV16 E7, being present in CR1 and CR3, respectively (see also Figure  1 ). Consequently, the chimeric protein E7/E1A should not contain the low anity pRb binding site. We have demonstrated that E7/E1A243 protein retains the ability to interact with p107 and is fully competent in disrupting a speci®c G1 phase p107/E2F complex in NIH3T3 cells (Zerfass et al., 1995) . Other, new, unidenti®ed domains of the two viral proteins may contribute in the dissociation of the E2F/`pocket' protein complexes. Future studies on the E7/E1A243 protein would provide new information which will allow the identi®cation of such domains.
